We report the discovery of KELT J041621-620046, a moderately bright (J∼10.2) M dwarf eclipsing binary system at a distance of 39±3 pc. KELT J041621-620046 was first identified as an eclipsing binary using observations from the Kilodegree Extremely Little Telescope (KELT) survey. The system has a short orbital period of ∼1.11 days and consists of components with M 1 = 0.447 +0.034 R ⊙ and R 2 = 0.453 ± 0.017 R ⊙ . Full system and orbital properties were determined (to ∼10% error) by conducting an EBOP global modeling of the high precision photometric and spectroscopic observations obtained by the KELT Follow-up Network. Each star is larger by 17-28% and cooler by 4-10% than predicted by standard (non-magnetic) stellar models. Strong Hα emission indicates chromospheric activity in both stars. The observed radii and temperature discrepancies for both components are more consistent with those predicted by empirical relations that account for convective suppression due to magnetic activity.
INTRODUCTION
Low mass M Dwarf stars make up the majority of stars in the Milky Way, however our understanding of these systems is quite limited. Mass and radius, two of the most fundamental stellar parameters, are important to the understanding of stellar evolution. In the case of Low Mass Stars (LMSs), existing models struggle to accurately predict these basic stellar parameters, with isochrone fitting and stellar modelling of these LMSs often resulting in errors on mass and radius in excess of 10% (e.g. Torres & Ribas 2002; Ribas 2006; Torres et al. 2010; Spada et al. 2013; Feiden & Chaboyer 2014; Zhou et al. 2014b; Terrien et al. 2015) . Additionally, the discovery of transiting super-Earths around M-dwarfs ⋆ Corresponding Author, E-mail: joseph.rodriguez@cfa.harvard.edu from MEarth (Nutzman & Charbonneau 2008; Irwin et al. 2009 ) and the Kepler/K2 mission (Borucki et al. 2010; Howell et al. 2014) , for which the estimates of planetary parameters are directly dependent on the model-determined stellar parameters, it is crucial that we better understand and model these fundamental stellar properties. One type of natural astrophysical laboratory for precisely measuring mass and radius are detached, double-lined M-dwarf eclipsing binaries (EBs). Although these systems are quite rare, they provide an opportunity to measure precise stellar parameters in a model-independent fashion. These measurements serve as direct tests of theoretical stellar models (e.g. Chabrier & Baraffe 1995; Torres & Ribas 2002) .
Due to the intrinsic faintness of these systems, there is only a small number of M-M EBs currently known, and most of them are too faint to precisely measure the stellar parameters. One of the brightest and best-studied M-M EBs, CM Draconis (V = 12.87) (Eggen & Sandage 1967) , has been the target of extensive characterization allowing the measurement of the system's parameters to ≤1% precision (Lacy 1977; Metcalfe et al. 1996; Morales et al. 2009 ). The short orbital period (∼1.27 days) suggests that the rotation period of the two stars is synchronized with the orbital period of the binary (Morales et al. 2009 ). However, the stellar radii in CM Dra are 5-7% larger than predicted by theoretical models (Feiden & Chaboyer 2014) . It has been proposed that metallicity and magnetic activity are responsible for the large radii of M dwarfs (López- Morales & Ribas 2005; Ribas 2006; Chabrier et al. 2007) . At ∼41 days, LSPM J1112+7626 is the longest period detached M-M binary discovered to date (Irwin et al. 2011) . As a result of the large semi-major axis, the stellar components in this binary have rotation periods that are not synchronized with the orbital period. Therefore, the stellar components of LSPM J1112+7626 should be more representative of field or single M-stars. However, Irwin et al. (2011) found that the combined radii of the two stars in the LSPM J1112+7626 system are inflated by 3.8%. Even with the discovery of additional systems, there are only a handful of M-M EBs known that can be used to test theoretical models (Irwin et al. 2011; Birkby et al. 2012; Nefs et al. 2013; Zhou et al. 2015; Dittmann et al. 2017 ).
Mounting observational evidence shows that magnetically active stars are 5-15% larger and ∼5% cooler than predictions from standard stellar models (see, e.g., López-Morales 2007) . Empirical work suggests that magnetic activity may cause these anomalies by suppressing surface convection (see, e.g., Morales et al. 2010) . Empirical relations have been developed to correct for these effects (e.g., Stassun et al. 2012 ). These corrections are important for multiple purposes, including determining the true initial mass functions of star forming regions, particularly at the low-mass end (e.g., Stassun et al. 2014b) . Interestingly, from an X-ray study of nearby Mdwarfs, there is no observed difference in the X-ray behavior between single and binary systems (James et al. 2000) .
In this paper, we present the discovery of KELT J041621-620046, a bright (J∼10.2) 0.45+0.40 M ⊙ eclipsing binary. This system is one of the brightest known detached M-M EB, with a very short orbital period of 1.11 days. With only about three dozen M-M EBs known, most with V >14, KELT J041621-620046 provides the opportunity to test theoretical models for higher-mass M dwarfs.
Section 2 presents the discovery photometry and the followup photometric and spectroscopic observations used. Section 3 presents the analysis and principal results of this study, including direct measurement of the two stars' masses, radii, and other properties. In Section 4, we briefly discuss the results in the context of the predictions of stellar models and of empirical relations for radius and temperature anomalies in LMSs. We summarize the results in Section 5. Zhou et al. (2015) for a description on how log(L Hα /L bol ) was measured.
The Kilodegree Extremely Little Telescope (KELT) is an all-sky photometric survey designed to detect transiting planets around bright host stars (7<V<11). The survey uses two telescopes, KELT-North in Soniata, AZ and KELT-South at the South African Astronomical Observatory (SAAO), and each telescope uses a 4096 × 4096 pixel Apogee CCD camera with a 42 mm aperture, producing a 26
• field of view (Pepper et al. 2007 (Pepper et al. , 2012 . See Kuhn et al. (2016) Figure 1 . It is also known in various catalogs by the names 2MASS J04162165-6200463, UCAC4 140-003916, and WISE J041621.52-620047.1 (See Table 1 ).
Photometric Follow-up
To better measure the KELT J041621-620046 system, we obtained higher precision photometric follow-up of the primary and secondary eclipses from the KELT Follow-Up Network (KELT-FUN). All follow-up photometry except the AAT observations were reduced using the AstroImageJ 1 package (Collins & Kielkopf 2013; Collins et al. 2017 ) and the reported timestamps are BJD TDB . The AAT observations were reduced following the technique described in Zhou et al. (2014a) . As a result of the different field-of-views, pixel scales, and observing conditions for each observation, the comparison stars were selected by visually inspecting that none of them showed variability above the photometric scatter. For the AIJ aperture selection, we ran a series of reductions with a range of apertures and the optimal aperture was the one that provided the lowest RMS to a transit model. For the AAT observations, a range of apertures were used and the optimal aperture was determined by minimizing the out-ofeclipse standard deviation. To predict both primary and secondary eclipses, we used the observing software tool TAPIR (Jensen 2013) . All follow-up photometry is listed in Table 2 and displayed in Figure 2 . The Estación Astrofísica de Bosque Alegre (EABA) is located in Córdoba, Argentina and is operated by the Observatorio Astronómico de Córdoba. The EABA hosts a 1.54-m f/4.86 telescope operated in Newtonian focus, currently equipped with a Apogee Alta U9 camera with 3070×2048 9 µm-size pixels, providing a 8 ′ × 12 ′ field of view with a plate scale of 0. A secondary eclipse of KELT J041621-620046 was observed on UT 2016 October 16 in the infrared K s band with the 3.9 m Anglo-Australian Telescope IRIS2 infrared camera, located at Siding Spring Observatory. IRIS2 uses a HAWAII-1 HgCdTe 1×1K infrared detector, which is read out over four quadrants to provide a field of view of 7. . The observing strategy and data reduction procedures for the AAT-IRIS2 observations are fully described in Zhou et al. (2014a) .
2 https://skynet.unc.edu/ 2.3. Spectroscopic Follow-up A series of spectroscopic follow-up observations were performed to characterise the atmospheric properties and radial velocity variations of KELT J041621-620046. These observations were performed using the Wide Field Spectrograph (WiFeS) on the ANU 2.3m telescope at Siding Spring Observatory, Australia. WiFeS is an image slicer integral field spectrograph, with a spatial resolution of 1 ′′ per spatial pixel in the 2× bin mode. Our observing strategy, reduction, and analyses techniques are detailed in full in Bayliss et al. (2013) ; Zhou et al. (2015) .
Spectroscopic classification of the binary was obtained with a λ/∆λ ≡ R = 3000 spectrum, covering the wavelength range of 3500-9000 Å. The spectrum was flux calibrated as per Bessell (1999) , using spectrophotometric standard stars eg 131, HD 26297, HD 29574, HD 36702 (with spectrophotometric data from Hamuy et al. 1992 and Bessell 1999 ) observed on the same night. The flux-calibrated, lowresolution spectrum of KELT J041621-620046 is plotted in Figure 3 . While this is a composite spectrum of both stellar components, we match the spectrum to the synthetic spectral templates for a first approximation of the stellar parameters. For the spectral matching, we adopt BT-Settl atmosphere models (Allard et al. 2012) , with Asplund et al. (2009) abundances. The surface gravity is fixed to log g = 5, as this is the expected gravity for M-dwarfs (e.g. Baraffe et al. 1998; Dotter et al. 2008 ). We find a best fit effective temperature for KELT J041621-620046 of T eff = 3340±85 K. The effect of surface gravity on the estimated temperature is small; using models with log g = 4.5 yields a binary temperature only 15 K lower, insignificant compared to the uncertainties. The WiFeS spectra of GJ 191 (Ségransan et al. 2003) , which has a T eff = 3570±156 K, and GJ 699 which has a T eff = 3224±10 K (Allard et al. 2012) , are plotted for comparison. Metallicity is estimated by measuring the ζ T iO/CaH index (Reid et al. 1995 ) using the calibration from Lépine et al. (2013) , finding a metallicity of [M/H]=-0.2±0.2. As described in Zhou et al. (2015) , we measure log(L Hα /L bol ) for KELT J041621-620046A and B to be -3.903 ± 0.021 and -3.839 ± 0.050, respectively. Using the relationship between log(L X /L bol ) and log(L Hα /L bol ), as described in §2.2 of Stassun et al. (2012) , we estimated log(L X /L bol ) to be -3.3±1.1 for KELT J041621-620046A and -3.2±1.1 for KELT J041621-620046B. Radial velocities are measured from WiFeS multi-epoch medium-resolution observations, at R = 7000, over the wavelength range of 5200 − 7000 Å. A total of ten observations were obtained over UT 2015 September 30 to UT 2015 October 05 (See Table 3 and Figure 5 ). To measure the radial velocities of both stellar components in the spectra, we cross-correlate the spectra against nine M-dwarf standards observed by WiFeS, ranging over the spectral classes of M1.5 to M4.0. An example series of cross correlation functions with an M4.0 template are shown in Figure 4 . To derive the velocities for both stellar components from each exposure, we simultaneously fit double Gaussians to the CCF from all the exposures that were gathered. The CCF from each exposure are described by the free parameters velocity centroids v 1 , v 2 , while the parameters for light ratio L 2 /L 1 , and CCF widths are shared amongst all exposures. The best fit parameters and perpoint uncertainties are estimated from a Markov Chain Monte Carlo (MCMC) analysis, using the emcee implementation of an affine invariant ensemble sampler (Foreman-Mackey et al. 2013) . We apply this same velocity fitting procedure to the sets of CCFs derived from each M-dwarf template to understand the template spectral type dependence of the radial velocity measurements. The scatter in the velocity measured for each point for the set of models is then added in quadrature to the mean velocity uncertainty from the MCMC analysis. We also measure a light ratio of L 2 /L 1 = 0.43±0.03 from the relative heights of the CCFs; this is subsequently used to constrain the global fitting. As an independent check on the reported RVs in Table 3 , We also ran 2-D cross-correlations with TOD-COR (Zucker & Mazeh 1994) to rule out the possibility that our 1-D cross-correlations may have introduced systematic velocity shifts due to line blending. The TODCOR-derived RV semi-amplitudes are consistent to within 0.25σ of those derived via the 1-D cross-correlations. Given this agreement and the quality of the WiFeS spectra, we conclude that the RVs are most strongly limited by potential systematics in the wavelength solutions rather than the analysis technique.
As with many other short period M-M binaries, the Balmer and Calcium H & K lines are found in emission due to stellar activity (Metcalfe et al. 1996; Zhou et al. 2015) . López- Morales (2007) found a correlation between the activity index and the relative model-observation radius discrepancy of M-dwarf binaries. We use the WiFeS R = 7000 spectrum to estimate the Hα flux in each stellar component of KELT J041621-620046. We measure Hα luminosities of log L Hα /L Bol = −3.7 ± 0.1 and −4.0 ± 0.1 for the two compo- 3.1. Spectral Energy Distribution Fit To estimate the "average" effective temperature of the stars, we first fit the combined-light spectral energy distribution (SED) of the system using catalog photometry from GALEX, APASS, 2MASS, and WISE spanning a wavelength range of 0.15-20 µm, as shown in Figure 6 and listed in Table 1 . The fitted SED model is a NextGen stellar atmosphere model with free parameters of T eff and A V (we adopted a main-sequence surface gravity of 5.0 and solar metallicity). This initial fit yielded a best-fit T eff = 3350±50 K and A V = 0.03±0.03 mag, in full agreement with the temperature measured by WiFeS. The SED fitting is only used as a consistency check to spectroscopic analysis and the global fit results. In Figure 6 , a ultra-violet excess is clearly seen relative to our SED model, likely coming from the chromosphere and the transition region of the stars.
Global Model
We perform a global model fit of the follow-up photometry and RVs using EBOP (Nelson & Davis 1972; Popper & Etzel 1981) .
Following Zhou et al. (2015) , the eclipses are modeled using a modified version of the JKTEBOP code (Southworth et al. 2004) , with free parameters of Period P, time of eclipse t 0 , radius ratio R 2 /R 1 , normalized orbital radius (R 1 + R 2 )/a, inclination i, light ratio L 2 /L 1 , radial velocity semi-amplitudes K 1 and K 2 , and orbital parameters e cos ω and e sin ω. Limb darkening coefficients for each photomet- ric band are fixed to values interpolated from Claret (2000) using the Phoenix models. Unfortunately, the follow-up light curves are not precise enough to derive the gravity darkening or reflection coefficients. Therefore, we fix these values to be 0.2 and 0.5, respectively, based on the work of Morales et al. (2009) . We assign a Gaussian prior on the light ratio based on the height ratio of the CCF peaks in the WiFeS spectra, and assume it to be identical across the bands. Since both stars are of approximately the same spectral type, we assume the light ratio is the same across all light curves. The posterior distribution is derived using an MCMC analysis with the emcee package (Foreman-Mackey et al. 2013) . The results of the EBOP model are presented in Table 4 and the posterior probability distribution of key global fitting free parameters is shown in Figure 7 .
We can estimate the individual stellar temperatures from the global modeling results. We assume that the luminosity of both stars can be well described by the Stefan-Boltzman's law, and that the system, together, has an 'effective' binary temperature of T eff = 3340±85 K as measured by WiFeS. We can then adopt the individual stellar radii and luminosity ratio determined from the global modelling, and derive an effective temperature of 3481 ± 83 K and 3108 ± 75 K for the primary and secondary stars, respectively. We also check this result against the SED independent of the global fit. We refit the combined-light SED as above, but this time using the sum of two stellar atmospheres whose flux-weighted average temperature is 3350 K (from the initial SED fit above) and whose temperature ratio is as given from the light curve modeling. We adopt the spectroscopic light ratio from the WiFeS spectra of L 2 /L 1 = 0.43 ± 0.03 over the wavelength range 0.52-0.70 µm. The only free parameter then is the radius ratio required to produce a flux ratio in the 0.52-0.70 µm range of 0.43±0.03. This resulting fit shown in Figure 6 yields individual temperatures of T 1 = 3413 ± 84 K and T 2 = 3203 ± 98 K, and a radius ratio of R 2 /R 1 = 0.838 ± 0.029, consistent with the radius ratio from the global modeling, and the temperature ratio derived from Stefan-Boltzman's law. The final system parameters are summarized in Table 4 . In addition, the component stellar masses, radii, and temperatures are shown -Posterior probability distribution of key global fitting free parameters. We note significant covariance in the eclipse modelling parameters, such as inclination inc, radius sum (R 1 + R 2 )/a, light ratio L 2 /L 1 , and the eccentricity parameters e cos ω and e sin ω.
together in Fig. 8 in comparison to other low-mass EBs from the literature and to theoretical stellar isochrones.
To clarify the system geometry, KELT J041621-620046 A is the primary star due to its higher mass, radius, and luminosity. The primary eclipse of the system is when star B passes in front of A causing the deeper eclipse seen in Figures 1 and 2 . Both the primary and secondary eclipses are partial/grazing eclipses and not transits. All figures except Figure 1 are using the global fit ephemeris in (BJD TDB ), with the primary eclipse a Phase = 0. In addition to the eclipses, our global analysis infers that the light curves should exhibit out-of-transit variations at the level of 2 mmag peak to peak, due to the primary and secondary stars being oblate at 0.2% and 0.1%, respectively. Additionally, we removed the eclipses from the KELT lightcurve and analyzed the out-of-eclipse variability. The results of this analysis suggest that the rotation periods of both stars are synchoronized to the orbital period. However, due to the low precision of the KELT observations for a target this faint, we do not claim spin-orbit synchronization.
The Myers I band primary eclipse light curve on UT 2016 February 14 appears somewhat asymmetric, potentially due to a spot-crossing event. Responding to a valuable initiative proposed by our manuscript referee, we omitted the light curve and refit the entire dataset, obtaining R 1 = 0.555 ± 0.033 M ⊙ , R 2 = 0.452 ± 0.017 M ⊙ , consistent with our results when including the Myers I band observations to within uncertainties. The results from both fits are shown in in Table 4 . We adopt the system parameters determined from the global fit that includes all observations. In addition, our radial velocity measurements were obtained by cross correlating the WiFeS observations against a series of M-dwarf standard stars with spectral classes ranging from M1.5 to M4.0. The spectral mismatch between KELT J041621-620046 and the standard stars contributed to the relatively large per-point velocity uncertainties. To test the impact of mismatched templates on our radial velocity orbit solution, we re-derived the velocities using only the M3.4 and M4.0 standard stars, deriving M 1 = 0.45 ± 0.05 M ⊙ and M 2 = 0.40 ± 0.04 M ⊙ , within 1σ of the results from Table 4. 4. DISCUSSION KELT J041621-620046 joins the ranks of a small number of double-lined eclipsing binary systems in which both stellar components are M-dwarfs (Fig. 8) . primary and secondary components have masses of ≈0.45 and ≈0.40 M ⊙ , respectively, and thus occupy an interesting region of parameter space at or near the fully convective boundary.
In addition, as with many of the other known M-dwarf EBs, the stellar radii and effective temperatures differ significantly from the predictions of standard theoretical stellar isochrone models. As shown in Fig. 8 (blue symbols) , both stars appear to have a radius inflated by 17-28% and an effective temperature suppressed relative to the same solar metallicity stellar models by 4-10%; the latter exceeds the 2.2% suppression seen in single M dwarfs by Mann et al. (2015) , but this effective temperature offset between single and binary M dwarfs is known (Boyajian et al. 2012) . The stellar models shown in Fig. 8 only change by a few percent when changing solar metallicity by 0.5 dex. This small difference is within our reported errors shown in Table 4 . KELT J041621-620046B is more consistent with the stellar models in its radius while KELT J041621-620046A has a more consistent temperature. The determined limb darkening coefficients were the same for both fits.
this discrepancy. Fig. 9 shows the difference between observed and Baraffe 1998 model radii and effective temperatures as a function of orbital period for known M-dwarf EBs. While there is no statistically significant correlation observed between radius inflation and orbital period, there is a clear trend towards less temperature suppression for M dwarfs on shorter-period orbits (Spearman rank coefficient ρ = −0.54; p = 1 × 10
−5
). This observed trend suggests that close binary interactions can dampen the effective temperature suppression. The discovery and characterization of additional M dwarfs in long-period binaries beyond ∼40 days would elucidate this trend.
A number of recent studies have demonstrated that chromospheric activity in LMSs can alter their physical properties relative to the expectations of non-magnetic stellar models. In particular, strong activity appears to be able to inflate the stellar radius and to decrease the effective temperature (e.g., López-Morales 2007; Morales et al. 2010) . Typical amounts of radius inflation and temperature suppression are ∼10% and ∼5%, respectively (e.g., López-Morales 2007) , similar to what we observe here for KELT J041621-620046. Stassun et al. (2012) developed empirical relations for the radius inflation and temperature suppression for a given amount of chromospheric Hα luminosity. These relations predict that the temperature suppression and radius inflation roughly preserve the bolometric luminosity. The relations are able to explain the surprising reversal of temperatures with mass in the young brown-dwarf eclipsing binary system 2M0535−05 (Stassun et al. 2006 (Stassun et al. , 2007 , including the anomalously cool spectral type of the more massive brown dwarf in the system (Mohanty et al. 2010; Mohanty & Stassun 2012) , and may also explain some of the observed discrepancies between young stellar eclipsing binaries and non-magnetic stellar models (Stassun et al. 2014a) .
Here, we apply the empirical relations of Stassun et al. (2012) to KELT J041621-620046 using the observed Hα emission of the two components in the system (see Sec. 2.3). The resulting radii and temperatures (Fig. 8, red symbols) are brought into better agreement with the predictions of the stellar evolution models for both stars. The agreement seen for both components of KELT J041621-620046 is best with respect to the Dartmouth models, though the agreement with the other models shown is only marginally worse, and the agree-ment with the models is brought to within ∼2σ.
To be clear, these Hα-based adjustments to the stellar radii and temperatures are not "corrections" per se; the observed radii are in fact inflated and temperatures are in fact suppressed. The adjustments serve to show what the stellar radii and temperatures would be in the absence of magnetic activity. Evidently, were it not for the strong magnetic activity (as manifested by the strong Hα emission) in these rapidly rotating M-dwarfs, their basic properties would be much more in line with the predictions of standard (non-magnetic) stellar models.
CONCLUSION
We present the discovery of KELT J041621-620046 as a double-lined eclipsing binary in the field, in which both components are low-mass M-dwarf stars. +0.034 and 0.453 ± 0.017 R ⊙ , KELT J041621-620046 becomes one of only a handful of M-dwarfs in eclipsing binaries with precisely determined stellar masses and radii. In addition, the measured stellar masses place the stars at or near the fully convective boundary for M-dwarfs, a particularly important region of stellar parameter space for understanding stellar structure, evolution, and magnetic field generation.
Both stars appear to be very magnetically active based on their strong Hα and Ca II H and K emission. This is perhaps not surprising considering the likely tidal synchronization of the stars with the short-period orbit. Perhaps as a direct consequence of this magnetic activity, KELT J041621-620046A and B appear to have radii that are significantly larger, and effective temperatures that are significantly cooler compared to predictions by standard (non-magnetic) stellar isochrone models. Recent empirical relations for the amount of radius inflation and temperature suppression as a function of chromospheric activity appear able to explain the observed properties of KELT J041621-620046A and the radius of KELT J041621-620046B, and these stars would be in better agreement with theoretical non-magnetic stellar models were they not magnetically active. However, the temperature of KELT J041621-620046B is too low with respect to theoretical nonmagnetic stellar models to be explained by magnetic temperature suppression alone. Being quite bright for an M-dwarf eclipsing binary system (V = 13.9), and therefore amenable to more high precision radial velocity follow-up observations, KELT J041621-620046 promises to serve as a testbed for stellar structure and evolution at the stellar fully convective boundary.
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